Based on the prediction that histone lysine demethylases may contain the JmjC domain, we examined the methylation patterns of five knock-out strains (ecm5⌬, gis1⌬, rph1⌬, jhd1⌬, and jhd2⌬ (yjr119c⌬)) of Saccharomyces cerevisiae. Mass spectrometry (MS) analyses of histone H3 showed increased modifications in all mutants except ecm5⌬. High-resolution MS was used to unequivocally differentiate trimethylation from acetylation in various tryptic fragments. The relative abundance of specific fragments indicated that histones K36me3 and K4me3 accumulate in rph1⌬ and jhd2⌬ strains, respectively, whereas both histone K36me2 and K36me accumulate in gis1⌬ and jhd1⌬ strains. Analyses performed with strains overexpressing the JmjC proteins yielded changes in methylation patterns that were the reverse of those obtained in the complementary knock-out strains. In vitro enzymatic assays confirmed that the JmjC domain of Rph1 specifically demethylates K36me3 primarily and K36me2 secondarily. Overexpression of RPH1 generated a growth defect in response to UV irradiation. The demethylase activity of Rph1 is responsible for the phenotype. Collectively, in addition to Jhd1, our results identified three novel JmjC domain-containing histone demethylases and their sites of action in budding yeast S. cerevisiae. Furthermore, the methodology described here will be useful for identifying histone demethylases and their target sites in other organisms.
The covalent modification of histones plays a pivotal role in the epigenetic control of gene expression (1) . Histone methylation, which occurs on the side chains of lysine and arginine and is most prominent in histones H3 and H4, is linked to transcriptional activation, differentiation, imprinting, and X inactivation (2) (3) (4) . In general, histone methylation at H3-K4, H3-K36, and H3-K79 is associated with euchromatin and gene activation, whereas histone methylation at H3-K9, H3-K27, and H4-K20 is associated with heterochromatin and repressed genes. Lysine may be mono-, di-, or trimethylated, where the degree of modification is likely related to different biological events. In the budding yeast Saccharomyces cerevisiae, histone H3 lysines Lys-4, Lys-36, and Lys-79 are methylated to differing degrees by histone methyltransferases Set1, Set2, and Dot1, respectively (5) (6) (7) (8) . Although methylation of these sites has been suggested to be a marker of active transcription (9) , it may also play critical roles in silencing and DNA damage responses (6, 7, 10, 11) .
The above site-specific histone methyltransferases have been studied for a number of years. It was believed that histone methylation was stable and irreversible. However, emerging evidence has shown that histone methylation is dynamic (12, 13) , which suggests that there are histone demethylases. The 2004 landmark discovery by Shi et al. (14) of human amine oxidase LSD1, the first unequivocal histone demethylase, demonstrates that histone methylation is indeed reversible. LSD1 demethylates mono-and dimethylated H3-K4 or H3-K9 (14 -16) , and its homologues are found in organisms ranging from Schizosaccharomyces pombe to mammals. However, because of the nature of the amino oxidation demethylation mechanism (which requires a free lone pair of electrons on the lysine ⑀-nitrogen), LSD1 is unable to demethylate trimethylated lysine. Thus it was clear that an additional class of histone lysine demethylases would be requisite. We posited, as described in the following paragraph, that JmjC domain-containing proteins might be new histone demethylases. This hypothesis, apparently shared by other research groups, has been verified empirically recently with the discovery of novel human JmjC-containing histone demethylases (17) (18) (19) (20) (21) (22) .
Nonetheless, histone demethylation in budding yeast is still poorly understood. In particular, the trimethylated lysine demethylases remain to be determined. The fact that histone lysine methylation is prevalent in S. cerevisiae and that it does not encode an LSD1 homologue (14) suggests that it is imperative to identify yeast histone demethylases. In our search for new yeast demethylases, we postulated that candidate histone demethylases would satisfy four specific criteria; as described below, proteins containing the JmjC domain satisfy each of these. (i) Candidates must be able to cleave the stable N-CH 3 bond. We surmised that an Fe 2ϩ /␣-ketoglutarate-dependent dioxygenase could potentially catalyze histone demethylation via an oxygen radical mechanism in which an unstable carbinolamine intermediate is generated and followed by spontaneous elimination of formaldehyde; several groups have independently suggested a similar mechanism (12, 23, 24) . Importantly, an Fe 2ϩ /␣-ketoglutarate family protein, AlkB, was recently shown to catalyze the hydroxylation and subsequent demethylation of the DNA lesions 1-methyladenine and 3-methylcytosine (25, 26) . The fact that the JmjC domain displays structural similarity to Fe 2ϩ / ␣-ketoglutarate enzymes suggests that it might be capable of catalyzing demethylation (27, 28) . (ii) Candidates must be known to influence histone modifications. In satisfaction of this criterion, two S. pombe JmjC proteins, Msc1 and Epe1, have been reported to be associated with histone modifications (29, 30) . (iii) Candidates must be involved in transcription regulation, such as gene silencing. Consistent with this, several JmjCcontaining proteins interact with either the tumor suppressor Rb or histone deacetylases and regulate transcription. For example, RBP2, RBP1, and Jumonji interact with Rb (31, 32) , and JMJD2A forms complexes with histone deacetylases and Rb (33) . The JmjC proteins SMCX and SMCY are known to be involved in X inactivation. Moreover, the JmjC domain is found in conjunction with the zinc finger, PHD, 5 ARID, or TUDOR domains, all of which are protein-protein interaction or DNA binding domains involved in transcription. Additionally, the PHD and Tudor domains have been shown to be methylated histone binding domains (34 -36) . (iv) Given the conservation of histone methylation, candidate histone demethylases should be conserved in all eukaryotic organisms, from S. cerevisiae to human, which is true for JmjC domain proteins.
Herein, we increased the repertoire of JmjC demethylases by demonstrating that four of the five JmjC-containing proteins encoded by S. cerevisiae influence histone methylation levels in vivo. The five yeast proteins are: Ecm5 (YMR176W), Gis1 (YDR096W), Rph1 (YER169W), Jhd1 (YER051W), and Jhd2 (YJR119C) (Fig. 1A) . YJR119C gene product is named Jhd2 (Jmjc domain-containing histone demethylase 2 following the naming of Jhd1). Here, we utilized proteomic MS techniques that have been used successfully in previous studies of individual yeast histone methyltransferases (8, 37) . We systematically analyzed global (overall pattern) and site-specific histone H3 methylation in wild type (WT) and the five yeast histone demethylase candidate knock-out strains. The changes in methylation patterns led us to predict that Rph1, Jhd1, Gis1, and Jhd2 are histone demethylases. Subsequent overexpression data were complementary to the deletion data. Particularly, overexpression of RPH1 and JHD2 significantly decreased histone H3-K36me3 and H3-K4me3 levels, respectively. In vitro enzymatic assays demonstrated that Rph1 demethylates histone H3-K36me3 primarily and H3-K36me2 secondarily. RPH1 overexpression strain is sensitive to UV irradiation damage. In addition, its histone H3-K36me3 demethylase activity is responsible for the phenotype. Rph1 and Jhd1 might be involved in transcription elongation.
EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids-S. cerevisiae BY4743 was used as the WT yeast strain in this study (38) . Homozygous diploid knock-out strains of ECM5, JHD1, GIS1, RPH1, and JHD2 in the BY4743 background were obtained from the Saccharomyces Genome Deletion Project (39) . The JHD1, RPH1, and JHD2 overexpression strains were constructed by transforming BY4743 with GAL1 promoter-derived expression vector (BG1805) carrying the coding sequence of each gene (40) ; for the MS studies a stop codon was inserted into the 3Ј-end of each gene via site-directed mutagenesis (to enable expression of proteins without a C-terminal tag). BY4743 transformed with a BG1805 vector lacking an inserted gene was used as the WT strain in overexpression studies. For the control spot assays, the rph1 deletion strain (rph1⌬) was transformed with plasmids containing no insert (vector BG1805 only), BG1805 with wild type RPH1 insertion, or BG1805 with the activity-deficient mutant (rph1 H235A ) insertion, respectively. All S. cerevisiae strains and the unmodified BG1805-based expression vectors were obtained from Open Biosystems.
Culture Growth and Media-In knock-out studies 10 ml of YPD cultures were inoculated with a freshly streaked single colony. Cultures were grown at 30°C and 200 rpm for 9 h and then diluted into 100 ml of YPD culture. Growth was continued until cultures reached the late logarithmic/stationary phase (A 600 of 1.7-1.9). Cells were harvested for histone extraction by centrifugation at 5500 ϫ g for 10 min. Overexpression strains were grown by inoculating 20 ml of SC-uracil medium containing 2% glucose and incubated at 30°C and 200 rpm for 9 h. Aliquots from the 20-ml starter cultures were then diluted into 200 ml of SC-uracil with 2% sucrose to give an initial A 600 of 0.02. Incubation was continued until an A 600 of 1.0 -1.2 was reached. Cells were pelleted by centrifugation at 4000 ϫ g for 5 min and were resuspended in 200 ml of SC-uracil with 2% galactose. Cells were grown under the inducing condition for 4 h and harvested as described previously.
Histone Extraction and Mass Spectrometry Analyses-Histones were purified as described (41) . Histone H3 was separated from other histones on a 16.5% Tris-Tricine SDS-polyacrylamide gel. Trypsin in-gel digestion, liquid chromatography mass spectrometry (LC-MS), nano LC-MS/MS, and MADLI-TOF MS procedures were adapted from previous work (42) . Highresolution LC-MS/MS experiments were performed on an LTQ-FTICR mass spectrometer (Thermo Electron). Quantification of Lys-4 isoforms was obtained by calculating the peak areas in MALDI-TOF MS spectra, whereas quantification of Lys-36, and Lys-79 isoforms was performed by analyzing the precursor ions in nano-LC-MS/MS spectra. The reported values represent an average from four trials.
Assays of in Vitro Activities-To obtain a GST fusion protein of Rph1, yeast genomic DNA was amplified and subcloned into the pGEX6p2 vector to give the construct GST-Rph1-(1-373), with the JmjC domain at the C terminus. The plasmid was transformed into BL21-CodonPlus(DE3)-RIL cells for overexpression. Cells were induced at 25°C and 0.5 mM isopropyl-1-thio-␤-D-galactopyranoside for 8 h. The protein was purified with glutathione-agarose beads (Sigma) and then dialyzed into HEPES buffer (30 mM HEPES, pH 7.5, and 1 mM ␤-mercaptoethanol). Similar procedures were used to generate recombinant Gis1, Jhd2, and Ecm5 JmjC domains in the fusion forms with GST. The GST-Rph1-(1-373) H235A mutant plasmid was obtained using the Stratagene QuikChange system. Full-length His 6 -tagged recombinant proteins Rph1, Jhd1, and Jhd2 (in pET28a vector) were overexpressed in Escherichia coli and purified with nickel-nitrilotriacetic acid resin. To purify the full-length proteins from yeast, cells from 1 liter of SC-uracil culture were lysed by the liquid nitrogen method and purified with nickel-nitrilotriacetic acid resin.
H3-K4, -K36, and -K79 peptide sequences for the assays are ARTK(me1-3)QTARKST, STGGVK(me1-3)KPHRY, and IAQDFK(me1-3)TDLRFQ. In the following assays, all reagents were freshly made. The assay buffer consisted of 30 mM HEPES (pH 7.5), 5 mM ascorbic acid, 1 mM dithiothreitol, 1 mM ␣-ketoglutarate, and 100 M (NH 4 ) 2 Fe(SO 4 ) 2 ⅐6H 2 O. In a typical assay, 20 g of protein was incubated with 0.5 l of 5 mM peptide in 60 l of assay buffer at 37°C for 30 min to 2 h. The reaction was quenched by the addition of 1 l of 100 mM EDTA. 1 l of the reaction mixture was then diluted with 5 l of saturated matrix solution (␣-cyano-4-hydroxycinnamic acid) in 50% acetonitrile/0.1% trifluoroacetic acid/50% H 2 O, and the samples were spotted for MADLI-TOF MS analysis.
Growth Phenotype Assays-Cells were grown to mid-log phase (A 600 0.5-1.0). Five l of 5-or 10-fold serial dilutions of each culture were plated. For UV irradiation assays, YP plates were subjected to UV irradiation (Stratalinker UV Crosslinker, Stratagene). For 6-azauracil (6-AU) sensitivity assays, SC-uracil plates were supplemented with 30 g/ml 6-AU. Plates were photographed after cells were grown for 2-5 days at 30°C.
RESULTS

Global Changes of Histone H3 Modification in JmjC Knock-out Strains
We first studied the overall modifications of histone H3 in WT and the deletion strains by LC-MS. Fig. 2A shows a typical MS spectrum of histone H3 from WT strain. The peak at 15,225 Da corresponds to the unmodified histone H3; the subsequent 17 modified species are each separated by an interval of 14 Da. Although this series of peaks could represent incremental methylation, a shift of 42 Da (3 ϫ 14) can also arise via acetylation. Before the ambiguity between acetylation and methylation is clarified, "methylation equivalents" will be used to describe the mass differences between these peaks.
To address changes of histone H3 modification in the five mutants, the relative percentage change for each peak was analyzed. First, the percentage of each peak in a given spectrum was calculated to reflect the abundance of this species in the sample. Then this percentage was compared with its counterpart in the WT strain to generate the relative percentage change. As shown in Fig. 2B , a consistent shift in histone H3 modification pattern was observed. Relative to WT, except for ecm5⌬, each knock-out strain displayed a discernable and reproducible decrease in histone H3 species containing less than 6 methylation equivalents. In contrast, each knock-out strain showed an increase in histone H3 species with 6 -17 methylation equivalents. These results suggest that highly modified histones accumulate in the knock-out strains.
When analyzed carefully, the pattern of changes shown in Fig. 2B provided clues about the substrate specificities of the JmjC proteins. The magnitude of changes followed the order rph1⌬ Ͼ jhd1⌬ Ն jhd2⌬ Ͼ gis1⌬. Furthermore, the shift in histone H3 modification patterns of the rph1⌬ and jhd2⌬ strains appeared to be similar; those of jhd1⌬ and gis1⌬ were also similar. These differences were interesting and potentially significant. Focusing on the data of 7-15 methylation equivalents, the rph1⌬ and jhd2⌬ strains showed significant accumulation of 9, 12, and 15 methylation equivalents, whereas the jhd1⌬ and gis1⌬ strains did not show such a pattern. If trimethylation is the predominant state of methylation (which is in fact the case, as described below), then a reasonable interpretation is that Rph1 and Jhd2 are trimethyllysine demethylases, whereas Gis1 and Jhd1 are likely mono-or dimethyllysine demethylases. This was our working hypothesis from this point forward.
To test the above hypothesis, the following experiments were performed: (i) tryptic digestion of histone H3 from WT and the five knock-out mutants; (ii) analysis of the digested samples using high-resolution LTQ-FTICR to identify fragments containing methylated lysine and differentiate the trimethylated fragments from the corresponding acetylated fragments; and (iii) analysis of the relative abundance of unmodified, mono-, di-, and trimethylated species of each fragment.
High-resolution MS Analysis of S. cerevisiae Histone Methylation Patterns
To decipher the chemical identity of the H3 modifications that we previously had described as "methylation equivalents," high-resolution mass spectrometry of the digested peptides was used. Based on the fact that acetylated and trimethylated peptides (on the same lysine) have different masses (differing by 0.0364 Da), trimethylated peptides (H3-K4me3, H3-K36me3, and H3-K79me3) and acetylated peptides (H3-K9ac, H3-K14ac, H3-K18ac, H3-K23ac, H3-K27ac, and H3-K56ac) were assigned unambiguously. The data demonstrate that H3-K4, -K36, and -K79 are solely methylated. The results are consistent with yeast histone modification patterns (43) .
Changes of Methylation Levels at Specific Sites in the Knock-out Strains
After unambiguous methylation assignments, quantitative analyses of histone H3 methylation were conducted to compare the abundance of each methylated fragment between WT and the five mutant strains by using both LC-MS/MS or MALDI-TOF MS. In all of the samples, H3-K4, -K36, and -K79 predominantly exist as trimethylated forms, with the simultaneous presence of various degrees of di-, mono-, and unmethylated forms.
Quantitative results from the above analyses are summarized in Fig. 3 . Statistical analysis was performed by using t tests. Although overall the changes were small, the major changes were reproducible and consistent. Detailed analyses of the five knock-out strains are presented as follows below.
rph1⌬ and jhd2⌬-The jhd2⌬ strain showed an increased level of K4me3 and decreased levels of K4me2 and K4me. Similarly, rph1⌬ strain showed a higher level of K36me3 and reduced levels of K36me2 and K36me. The data support the prediction from the global analysis that Rph1 and Jhd2 are histone trimethyllysine demethylases, further suggesting that they target histone H3-K36 and -K4, respectively. gis1⌬ and jhd1⌬-These strains showed modest changes in methylation levels at Lys-36 only (Fig. 3B) . In contrast to the rph1⌬ strain, the gis1⌬ and jhd1⌬ strains displayed decreased levels of K36me3 but increased levels of di-and monomethylated species. Therefore, we predict that Gis1 and Jhd1 are H3-K36me or H3-K36me2 demethylases.
ecm5⌬-In agreement with the results of the global analysis, the methylation patterns in the ecm5⌬ strain did not display significant differences relative to the WT strain. We did not have enough experimental evidence to conclude whether Ecm5 is a histone demethylase. In summary, we predicted that four of the five yeast JmjC proteins are histone H3-K4 or H3-K36 demethylases.
Changes of Methylation in RPH1, JHD1, and JHD2 Overexpression Strains-A potential argument with the knock-out strains is that the full impact on methylation levels could be masked because of redundancy or dominating effects of histone methyltransferases. If an effect that is complementary to that observed for a knock-out strain could be observed in the corresponding overexpression strain, this would establish a stronger link between a given enzyme and its proposed site of demethylation. We therefore examined the consequences of individually overexpressing RPH1, JHD1, and JHD2. JmjC protein overexpression was verified by Western blot (supplemental Fig. S1 ). As shown in Fig. 4A , global analysis of histone H3 from the overexpression strains demonstrated that the relative percentages of the lower methylated species were increased, whereas those of the higher methylated species were decreased. Compared with the patterns observed in the knock-out strains in Fig. 2B , the patterns in Fig. 4A were in the opposite direction and of higher magnitude, strongly suggesting that these JmjC proteins are directly involved in histone H3 methylation. Specifically, as Fig. 5A indicates, in the JHD2 overexpression strain, but not in the JHD1 or RPH1 overexpression strains, the tri methylated H3-K4 level was reduced, but monomethylated H3-K4 level was increased significantly. This effect was complementary to that observed in the jhd2⌬ strain shown in Fig.  3A , which supports our previous assertion that Jhd2 catalyzes demethylation of H3-K4me3. Similarly, in Fig. 5B , histone H3-K36me3 level in RPH1 overexpression strain was reduced by half, which was consistent with our predication based on the knock-out data that Rph1 is an H3-K36me3 demethylase. We noticed that the histone H3-K36me3 level was also reduced modestly in the JHD2 overexpression strain in Fig. 5B . It is possible that overexpression of JHD2 mildly affects histone H3 methylation patterns by a mechanism yet to be established. In Fig. 5C, similar to Fig. 3C , the changes in histone H3-K79 methylation levels were very mild. Thus, no histone H3-K79 demethylases were predicted here.
As reported previously, loss of the first 21 amino acids was observed in some histone H3 purification trials (10) . Within the first 21 amino acids of S. cerevisiae histone H3, the only possible methylation site is Lys-4. In Fig. 4C , if we look at the peaks between 13,072 and 13,114 (heavily modified populations), truncated H3 (residues 22-135) showed similar methylation patterns and intensities in both the WT and JHD2 overexpression strains, indicating that: (i) JHD2 does not affect Lys-36 or Lys-79 methylation levels; and that (ii) the JHD2-induced difference in the region of 15,309 -15,351 in Fig. 4B is solely the consequence of H3-K4 demethylation, which is consistent with the prediction from the jhd2 knock-out and overexpression results shown in Figs. 3A and 5A. Taken together, the data indicate that Jhd2 is an H3-K4me3 demethylase.
In Vitro Enzymatic Assays of Rph1-To confirm that it is the JmjC domain specifically that catalyzes histone demethylations, in vitro assays were performed with recombinant JmjC proteins. To obtain active enzymes, the full-length proteins (from E. coli and yeast) and truncated JmjC proteins were purified and tested. When full-length recombinant Rph1, Jhd2, and Jhd1 were overexpressed in E. coli, most of them had solubility problems, so no further assays were performed. When the fulllength proteins were overexpressed and purified from yeast, only Jhd2 showed slight enzyme activities toward Lys-4 peptides. When the truncated recombinant Rph1, Gis1, Jhd2, and Ecm5 purified from E. coli were tested, only Rph1 showed robust enzyme activities. Here we report the results of Rph1 enzyme assays. A truncated Rph1 construct, Rph1-(1-373), which contains the JmjC domain, was overexpressed as a GST fusion protein, purified, and then assayed for demethylase activity. Nine synthesized peptides containing mono-, di-, and trimethylated lysine at Lys-4, Lys-36, and Lys-79 were tested. As predicted, the K36me3 peptide was readily demethylated to K36me2, which was further converted to K36me but with lower efficiency (Fig. 6, A and B) . No activity toward methylated Lys-4 or Lys-79 peptides was observed. Importantly, the activity of Rph1 toward K36me3 and K36me2 was ablated by omission of Fe 2ϩ , omission of ␣-ketoglutarate, addition of excess EDTA, or replacement of the WT enzyme with the H235A mutant (Fig.  6C) . Although the dependence on ␣-ketoglutarate confirms this as a co-substrate, the residual activity observed in the absence of added Fe 2ϩ could be explained by the presence of trace Fe 2ϩ in the purified protein sample. That a metal cofactor is indeed essential for catalysis is suggested by the complete loss of activity in the presence of excess EDTA. The fact that mutation of residue 235, which based on sequence alignment (Fig. 1B) is predicted to bind Fe 2ϩ , inactivated Rph1 reinforced the conclusion that it is the JmjC domain of Rph1 that is responsible for catalysis. Collectively, the above data unequivocally demonstrate that Rph1 is an Fe 2ϩ /␣-ketoglutarate-dependent histone lysine demethylase with specificity for H3-K36me3.
Overexpression of RPH1 Causes a Growth Defect upon UV Irradiation-As a first step to elucidate the specific biological contexts in which the five S. cerevisiae JmjC proteins are requisite, phenotype screening was performed. Under normal conditions, no discernible growth phenotype was observed in any of the individual knock-out strain. However, when galactose was used as the carbon source in synthetic medium (SC-uracil), the growth rate of the RPH1 overexpression strain dropped significantly (Fig. 7A, right panel) . By contrast, there was no difference among these strains in SC-uracil medium with dextrose (glucose) (Fig. 7A, left panel) . Interestingly, in rich medium (YP-glucose or YP-galactose), the growth defect was not observed. The results suggest that overexpression of RPH1 results in a growth defect in synthetic media but not in rich media.
To avoid the growth defect observed in synthetic media, the following assays were performed on YP plates. As reported previously, Rph1 is a repressor of PHR1, which encodes for a photolyase in response to UV damage (44) . To determine whether the histone demethylase activities are required in the UV damage responses, an UV sensitivity assay was performed. Deletion of individual JmjC genes had no discernible effect on the viability of cells in response to UV irradiation (supplemental Fig.  S2A ). However, overexpression of RPH1, but not JHD1 or JHD2, resulted in a growth defect in response to UV irradiation (Fig. 7B) . The phenotype was observed in the range of 5-20 mJ/cm 2 UV irradiation. To test whether the trimethylated H3-K36 demethylase activity is responsible for the phenotype, a demethylase activity-defective mutant, rph1 H235A , was tested in the UV sensitivity assay. Under the same UV irradiation treatment, rph1 H235A mutant abolished the phenotype (Fig.  7C) . The results indicated that the demethylase activity is required for the RPH1-dependent phenotype. Furthermore, MS data (Fig. 5B ) demonstrated that overexpression of RPH1, not JHD1, reduced H3-K36me3 level by 50%. Collectively, the data indicate that Rph1 is involved in cell survival in response to DNA damage, likely by changing the level of histone H3-K36me3.
RPH1 and JHD1 Overexpression Strains Are Slightly Resistant to 6-AU-The methylation status of H3-K36 is associated with transcriptional elongation. Previous studies have shown that deletion of Set2, the histone H3-K36 methyltransferase, results in a modest resistance to 6-AU treatment (45, 46) . 6-AU, a commonly used drug for testing transcription elongation defects, inhibits nucleotide metabolism and leads to depletion of cellular GTP and UTP. Nucleotide depletion affects elongation efficiency (47) . To test whether the JmjC proteins are involved in transcription elongation, we performed 6-AU sen- sitivity assays. Preliminary studies showed that overexpression of RPH1 or JHD1 resulted in slight resistance to 6-AU (supplemental Fig. S2B ). The result was observed only in the strains overexpressing H3-K36 demethylase (Rph1 and Jhd1) but not in that overexpressing H3-K4 demethylase (Jhd2). The data are consistent with previous observations that deletion of the H3-K36 methyltransferase gene SET2 results in a modest resistance to 6-AU (45, 46) . Our data support the idea that demethylation of H3-K36 by Rph1 and Jhd1 acts to decrease the methylation level of H3-K36 and to interfere with transcription.
DISCUSSION
JmjC Domain Encodes Histone Demethylase ActivitiesWhile our work was in progress, YER051W, newly named JHD1, was shown to encode a yeast H3-K36 demethylase (17); as far as we know, this is the only yeast JmjC-containing histone demethylase reported to date. It is not clear whether Jhd1 can demethylate H3-K36me3. Our in vivo MS data predict that Jhd1 is an H3-K36me2 or H3-K36me demethylase. Our data also suggest that Rph1, Jhd2, and Gis1 are demethylases. Among them, Jhd2 and Rph1 are trimethyllysine demethylases with specificity on H3-K4 and H3-K36, respectively. Gis1 is predicted to be similar to Jhd1, acting as an H3-K36me or H3-K36me2 demethylase. The specific demethylase activities of Rph1 toward histone H3-K36 have been verified by in vitro enzyme assays. It is the JmjC domain that is responsible for Rph1 demethylase activity. We also observed very weak but reproducible demethylase activities of Jhd2 and Gis1 with specificity on K4 and K36 peptides, respectively. 6 In summary, four of the five yeast JmjC proteins (Jhd1, Rph1, Jhd2, and Gis1) are histone demethylases.
As for human enzymes, several groups have independently reported six JmjC proteins to be H3 demethylases. Although JHDM1 and JHDM2A demethylate mono-and dimethyl H3-K36 and -K9, respectively (17, 19) , JMJD2 family histone demethylases (JMJD2A, JMJD2B, JMJD2C, and JMJD2D) demethylate trimethyl H3-K9/K36 (18, 20 -22) . It is interesting to note that each of these six JmjC proteins has a zinc finger, PHD, or Tudor domain. This matches one of our search criteria and implies a role for each of these proteins in transcription. In summary, by using different approaches, we and other groups have reached the same conclusion that JmjC domain encodes histone demethylase activity. Our study is the first systematic MS proteomic report on all JmjC proteins in one single organism. Our in vivo MS analysis results matched in vitro enzyme assay results. In our knock-out MS data (Fig. 3) , the changes were relatively small in comparison with those in the overexpression data (Fig. 5) . Phenotype screening assays demonstrated that overexpression of RPH1 resulted in phenotypes that were not observed in the deletion strains. The differences suggest that deletion strains have a lesser impact on histone H3 methylation. Considering that all three sites (H3-K4, H3-K36, and H3-K36) are heavily methylated (more than 60%), we believe that in yeast, histone methyltransferases are dominant. Furthermore, localized effects of the demethylases may not contribute to changes in global MS data. Despite these effects, small but consistent changes were observed. The good agreement between in vitro activity assays and in vivo MS data for Rph1 provides solid support for the reliability of our approach. This approach could be applied in other organisms to identify histone demethylases.
Rph1 Is an H3-K36me3 Demethylase Involved in DNA Damage
Response and Transcription Elongation-In the current study, in vivo MS data indicated that Rph1 is an H3-K36me3 demethylase, which was verified by in vitro assays. Its JmjC domain specifically catalyzes demethylation on H3-K36me3 and H3-K36me2, without any detectable activity toward H3-K4 and H3-K79 peptides. To the best of our knowledge, this would be the first reported yeast H3-K36me3 demethylase. Our phenotype screening experiments demonstrated that the RPH1 overexpression strain is sensitive to UV irradiation and the catalytic activity of Rph1 JmjC domain is responsible for the defect. The phenotype indicated that Rph1, an H3-K36me3 demethylase, is involved in DNA damage responses. Consistently, it has been reported that H3-K36 methyltransferase Set2 is involved in the DNA damage response (11) . Furthermore, the UV irradiation defect caused by RPH1 overexpression strain was not observed in JHD1 overexpression strain. The difference can be explained by our prediction that Jhd1 is not an H3-K36me3 demethylase, whereas Rph1 is an H3-K36me3 demethylase. These results indicate that UV damage responses are correlated to H3-K36 methylation levels, particularly on the level of H3-K36me3.
As shown in Fig. 5B , the MS data of RPH1 overexpression strain showed a sharp decrease in H3-K36me3 level. The decrease in the global level suggests that overexpression of RPH1 has global effects. Because the link between H3-K36 methylation and transcription in yeast is well established and H3-K36 methyltransferase Set2 has been shown to interact with RNA polymerase II and play important roles in transcription elongation (45, 46, 48 -50) , H3-K36 demethylase Rph1 might affect transcription elongation. Indeed, when RPH1 was overexpressed, there was a slight 6-AU phenotype, suggesting its participation in transcription elongation. Furthermore, another H3-K36 demethylase, Jhd1, not the H3-K4 demethylase Jhd2, showed the same phenotype as Rph1. The H3-K36 demethylases Rph1 and Jhd1 might shift H3-K36 to less methylated species and result in lower transcription activity. This could be the reason that they are mildly resistant to 6-AU. The biochemical details need to be studied further.
Jhd2 Is an H3-K4 Demethylase-In vivo MS data suggested that Jhd2 is an H3-K4 demethylase. A weak H3-K4 demethylase activity was observed in in vitro assays. To the best of our knowledge, no JmjC domain containing H3-K4 demethylase has been reported previously. Jhd2 is a nuclear protein with unknown function. A recent large scale yeast protein-protein interaction study identified three Jhd2-interacting proteins, Sas10, Fun30, and YIL091C (51). Sas10 overexpression results in derepression of mating type genes at HML and HMR (52) . Fun30 is a putative ATP-helicase and homologue of Snf2. Overexpression of Fun30 affects chromosome stability and integrity (53) . Interestingly, the Snf2 family yeast protein Isw1, an ATPdependent chromatin remodeling factor, has been shown to be recruited to active genes by H3-K4 methylation (54) . These studies suggest that Jhd2 could be a component of a histone modification and chromatin remodeling complex related to silencing. Our current data have demonstrated that Jhd2 is a novel histone demethylase acting on H3-K4.
Methylation on H3-K4 has many interesting consequences. On the one hand, Lys-4 trimethylation occurs in the promoter region of genes, and it is involved in transcription activation (49) . On the other hand, Lys-4 methylation also mediates rDNA and telomere silencing. The H3-K4 methyltransferase Set1 is required for silencing at rDNA region, telomeres, and HML mating type loci (5, 55) . Therefore, Jhd2 might negatively regulate transcription, or it could repress silencing on the rDNA region, the telomeres, or the HML mating type loci.
Possible H3-K79 Demethylases-Of the three known lysine methylation sites in histone H3 (Lys-4, Lys-36, and Lys-79), only Lys-4 and Lys-36 thus far have been shown to be acted upon by demethylases. Because H3-K79 is highly (90%) methylated in yeast (8) , small changes in the demethylase knock-out mutants could be masked by the relatively high histone meth- ) . B, hypersensitivity of the RPH1 overexpression strain to UV irradiation. Cells were grown in rich medium (YP) with 2% glucose (DEX) or galactose (GAL). Cell viability was assayed by plating serial dilutions of cells on YP-galactose plates followed by exposure to UV irradiation (10 mJ/cm 2 ). C, histone demethylase activity of Rph1 was associated with cell survival to DNA damage. The rph1 deletion strain (rph1⌬) was transformed with plasmids containing no insert (Vector) or GAL1 promoter-driven wild type (RPH1) and activity-deficient mutant (rph1 H235A ), respectively. UV sensitivity assays were performed as described in B.
yltransferase activity. Therefore, it cannot be ruled out that Ecm5 or a non-JmjC protein may be an H3-K79 demethylase. Further investigation is needed to resolve the question.
Yeast JmjC Proteins in Transcription-Of the five JmjC proteins in S. cerevisiae, Jhd1, Jhd2, and Ecm5 each has a PHD domain, whereas Rph1 and Gis1 have zinc finger domains. These domains might be associated with transcription regulations related to histone demethylation. Rph1 and Gis1 have been reported to act as repressors (44) . Rph1 binds to a promoter element, URS PHR1 , likely via the zinc finger domains. We speculate that the PHD domains in Jhd1 and Jhd2 may bind to chromatin via methylated histone. Genome-wide location analysis by using chromatin immunoprecipitation and DNA-microarray (CHIP-chip) of the JmjC proteins will provide details regarding their roles in transcription.
